SUMMARY
The spindle assembly checkpoint (SAC) ensures that sister chromatids do not separate until all chromosomes are attached to spindle microtubules and bioriented. Spindle checkpoint proteins, including Mad1, Mad2, Mad3 (BubR1), Bub1, Bub3, and Mph1 (Mps1), are recruited to unattached and/or tensionless kinetochores. SAC activation catalyzes the conversion of soluble Mad2 (O-Mad2) into a form (C-Mad2) that binds Cdc20, BubR1, and Bub3 to form the mitotic checkpoint complex (MCC), a potent inhibitor of the anaphase-promoting complex (APC/C). SAC silencing de-represses Cdc20-APC/C activity allowing poly-ubiquitination of Securin and Cyclin B, leading to the dissolution of sister chromatids and anaphase onset [1] . Understanding how microtubule interaction at kinetochores influences the timing of anaphase requires an understanding of how spindle checkpoint protein interaction with the kinetochore influences spindle checkpoint signaling. We, and others, recently showed that Mph1 (Mps1) phosphorylates multiple conserved MELT motifs in the Spc7 (Spc105/KNL1) protein to recruit Bub1, Bub3, and Mad3 (BubR1) to kinetochores [2] [3] [4] . In budding yeast, Mps1 phosphorylation of a central non-catalytic region of Bub1 promotes its association with the Mad1-Mad2 complex, although this association has not yet been detected in other organisms [5] . Here we report that multisite binding of Bub3 to the Spc7 MELT array toggles the spindle checkpoint switch by permitting Mph1 (Mps1)-dependent interaction of Bub1 with Mad1-Mad2.
RESULTS AND DISCUSSION

Bub3-Bub1 Binding to Spc7 MELT Motifs Toggles the Spindle Checkpoint Switch
The N terminus of the fission yeast KNL1 homolog, Spc7, contains 12 MELT motifs that can be phosphorylated by Mph1 (Mps1) kinase in vitro [3, 4] . To examine the role of MELT motifs in controlling Bub1 binding and checkpoint signaling, we created a sequence of mutants, spc7-12TA, spc7-9TA, spc7-7TA, spc7-5TA, spc7-3TA, or spc7-1TA, in which some or all of the threonine and serine residues in these motifs were mutated to non-phosphorylatable alanine ( Figure S1A ). Binding of Bub1 to kinetochores was assayed in these mutants by quantitative fluorescence microscopy in cells that were arrested in mitosis by overexpression of Mad2. This revealed a wide dynamic range of Bub1 binding to kinetochores in individual cells and, as the number of phosphorylatable MELT sites was reduced, progressively lower average binding to kinetochores and inversely higher levels of nucleoplasmic Bub1 (Figures 1A, S1B, and S1C), while the total Bub1 abundance stayed constant ( Figure S1E ).
In parallel, we measured the ability of individual spc7 mutant cells, bearing a cold-sensitive allele of b-tubulin (nda3-KM311) and a marker for high Cdk1 activity (Plo1-GFP), to mount a spindle checkpoint arrest. While most spc7-1TA, spc7-3TA, spc7-5TA, and spc7-7TA cells fully arrested, spc7-9TA and spc7-12TA cells mounted only a partial checkpoint response compared to wild-type cells ( Figures 1B, S1C , and S1D). Similar results were observed in population studies of synchronized nda3-KM311 spc7 mutant cells, which express a marker that only appears in anaphase (Nsk1-GFP). While a partial checkpoint response was still mounted in spc7-7TA cells, spc7-9TA and spc7-12TA cells were largely defective ( Figures 1C and  S1G ). We note that the checkpoint in spc7-12TA cells is not as defective as in cells lacking mad3, suggesting that the spindle assembly checkpoint (SAC) can be partially activated in this mutant ( Figures 1B and 1C) .
Spindle checkpoint protein homeostasis is crucial for the robustness of the checkpoint response in that even minor changes in the protein concentration of Mad1, Mad2, Mad3, and Cdc20 alter the threshold at which cells are able to delay anaphase onset in response to unattached kinetochores [6] . To examine whether the switch-like spindle checkpoint response from the Spc7-MELT array is sensitive to changes in Bub1 and Bub3 levels, we altered the expression of these proteins in a mutant defective in their kinetochore binding. Deletion of Bub3 strongly suppressed the checkpoint deficiency in spc7-12TA cells, as previously observed ( Figures 1D and S1H ) [4] . This effect is not due to the upregulation of Bub1 protein levels ( Figure S1F ). Conversely, expression of an extra copy of Bub1 also strongly suppressed the checkpoint deficiency of spc7-12TA cells, whereas expression of an extra copy of Bub3 had no effect ( Figure 1D ). We conjecture that the inability of cells to mount a checkpoint response, when Bub3-Bub1 is not recruited to kinetochores, can be overcome by an excess of non-kinetochore-bound Bub1 over Bub3. Together, these results suggest that the toggle switch for the spindle checkpoint at kinetochores is not only dependent on the availability of phosphorylatable MELT motifs but also on the relative abundance of Bub1 and Bub3.
Bub3 Inhibits Bub1-Dependent SAC Signaling When Not Bound to Spc7/KNL1 This prompted us to examine whether Bub3 acts as an inhibitor of Bub1 when not bound to kinetochores. Importantly, crystallographic data have revealed that the phosphorylated threonines in MELT motifs from the budding yeast KNL1 homolog, Spc105, form ionic bonds with the Bub3 b-propeller toroid and that mutation of Arg 217 and Arg 239 in Bub3 abolishes localization of Bub3 and Bub1 to kinetochores and prevents budding yeast cells from mounting a spindle checkpoint response [7] . However, since Bub3 is also a component of the mitotic checkpoint complex (MCC) in budding yeast, it is unclear whether checkpoint failure in this mutant is due to an inability of Bub3 to interact with Spc105 or because these mutations disrupt the structural integrity of the MCC complex, or both. Importantly, Bub3 is not essential for checkpoint activation and Bub3 is not a component of the MCC in fission yeast [8] .
For this reason, we created a bub3-R201A,K221A mutant at the endogenous locus, which, based on crystallography and homology, should be defective in binding phospho-MELT repeats of Spc7 but which would not influence MCC stability ( Figure S2A ; hereafter referred to as bub3-RA,KA mutant). In bub3-RA,KA cells, Bub1 remained in the nucleus but failed to accumulate at the kinetochore (Figure 2A ), even though interaction of Bub1 with the Bub3-RA,KA mutant protein remained intact ( Figure 2B) . Consistently, the Bub3-RA,KA-GFP protein failed to localize to the kinetochore (Figure 2A ). This was probably due to the inability of Bub3-Bub1 to interact with phosphorylated Spc7 MELT repeats, since GST-Spc7-T9E proteins were unable to precipitate the Bub3-Bub1 complex from extracts of bub3-RA,KA cells (Figure 2C) . Indeed, no GFP foci were observed in interphase or mitotic bub1-GFP bub3-RA,KA spc7-9TE or bub3-RA,KA-GFP spc7-9TE cells, indicating that interaction of the Bub3-Bub1 complex with phosphorylated Spc7 is disrupted in the bub3-RA,KA mutant (Figure 2A ).
To our surprise, expression of bub3-RA,KA from its endogenous locus displayed little defect in checkpoint signaling (Figure 2D ). We noted, however, that the steady-state level of the Bub3-RA,KA-GFP protein was 40% lower than the corresponding Bub3-GFP wild-type protein, as judged by western analysis ( Figure 2E ). To examine whether this accounted for the lack of effect of the bub3-RA,KA allele on checkpoint signaling, we integrated a second copy of the mutant bub3-RA,KA gene at the lys1 locus. By itself (i.e., in a Dbub3 background), the lys1::bub3-RA,KA allele also had only a minor effect on checkpoint signaling ( Figure S2B ). However, when both copies were expressed in the same cell (2xbub3-RA,KA), the total amount of the Bub3-RA,KA-GFP protein was 10% greater than that seen in wild-type cells ( Figure 2E ) and the defect in checkpoint signaling was comparable to that observed in spc7-9TA cells (Figures 2D and 1C) . Importantly, the checkpoint-signaling defect in the 2xbub3-RA,KA mutant was suppressed in bub1(DGLEBS) cells, which lack the GLEBS domain in Bub1 that is required for Bub3 binding [9] , or when a second copy of Bub1 (2Xbub1) was introduced, indicating that, when not bound to phosphorylated MELT motifs, Bub3 exerts its dose-dependent inhibitory effect on checkpoint signaling through interaction with Bub1 ( Figure 2D ). The fact that checkpoint signaling is not completely abrogated in spc7-12TA or bub3-RA,KA mutants suggests that a fraction of Bub1 can escape the inhibitory effect of Bub3.
Mph1/Mps1 Kinase and Dis2/PP1 Phosphatase Antagonistically Regulate the Interaction of Mad1-Mad2 with Bub1
We reasoned that kinetochore association of Bub3-Bub1 may relieve the inhibitory effect of Bub3 by altering the interaction of Bub1 with other components of the spindle checkpoint. To test this, we prepared extracts from nda3-KM311 bub1-6HA cells expressing mad1-GFP, mad2-GFP, or mad3-GFP and tested them for co-immunoprecipitation. We found that Mad1, Mad2, and Mad3 all interacted with Bub1 in checkpoint-arrested cells; however, the interaction between Mad1 and Bub1 was weak, possibly because the mad1-GFP allele was not fully functional ( Figures 3A and S3A) . Notably, the interaction of Mad2 with Bub1 was observed in checkpoint-arrested, but not log-phase, cells, whereas the formation of Mad1-Mad2 and Mad3-Bub1 complexes was observed in both conditions, although this was increased in checkpoint-arrested cells ( Figure 3B) .
In budding yeast, Mps1-mediated phosphorylation of Bub1 recruits the Mad1-Mad2 complex to kinetochores and this is required for checkpoint signaling [5] . This prompted us to assess the phosphorylation requirements for the interaction of Bub1 with Mad1, Mad2, and Mad3 in fission yeast. We found that, in the absence of Dis2, the major form of type 1 phosphatase (PP1), the interaction of both Mad1 and Mad2 with Bub1 was enhanced, whereas, to our surprise, the interaction of Mad3 with Bub1 was diminished ( Figures 3C and S3B ). Since cells lacking Mph1 kinase are checkpoint defective, we arrested cdc25-22 allele cells in late G2 before releasing them synchronously into mitosis in the presence of carbendazim (CBZ), an inhibitor of microtubule polymerization. The addition of CBZ completely blocked the onset of anaphase in control cells, but not in Dmad3 cells, and it only delayed anaphase onset in spc7-12TA cells by 5 min (Figure S3C ). Importantly, we found that, as in budding yeast, the interaction of Mad2 with Bub1 in CBZ-treated prometaphase cells was dependent on Mph1 (Mps1) kinase (Figures 3D and S3D) .
We and others previously showed that localization of Mad1 and Mad2 to kinetochores is dependent on a conserved RLK motif of Mad1 and a conserved central motif of Bub1 (cm1) [10] [11] [12] . The motif cm1 contains three conserved residues, Ser381, Thr383, and Thr386, which are phosphorylated in checkpoint-arrested fission yeast cells (A.H.-A. and J.B.A.M., unpublished data). Mutation of these residues (Bub1(SATATA)) abolishes recruitment of Mad1 and Mad2 to kinetochores and disables checkpoint signaling [10] . We found that the association of both Mad1 and Mad2 to Bub1 also depends on these residues ( Figure 3E and S3E ), but the interaction of Mad3 with Bub1 does not ( Figure S3E ). Together, these data indicate that Mph1 (Mps1) kinase and Dis2 (PP1) phosphatase antagonistically regulate the interaction of Mad1 and Mad2 with Bub1 in fission yeast, most likely through phosphorylation of the conserved central motif of Bub1.
Bub3 Licenses Phospho-Dependent Interaction of Bub1 with the Mad1-Mad2 Complex
We next sought to understand how kinetochore association of Bub3-Bub1 protein influences checkpoint signaling. In fission yeast, Bub3 is not required for spindle checkpoint arrest as Bub3 is not a component of the MCC, but, instead, it is necessary for efficient checkpoint activation and silencing [8, 13, 14] . Indeed, Bub1 interacts with both Mad2 and Mad3 in checkpoint-arrested cells lacking Bub3 ( Figure 4A ). This suggests that Bub3 is not strictly required for the interaction of the Mad1-Mad2 complex with Bub1. Notably, however, we found that the interaction of Mad2 with Bub1 was drastically reduced in spc7-12TA cells compared to wild-type cells, while the interaction of Mad3 with Bub1 increased (Figures 4B and S4A) . Importantly, the interaction of Mad1 and Mad2 with Bub1 in spc7-12TA was restored by the deletion of Bub3, indicating that Bub3 acts as a negative regulator of Bub1:Mad2 interaction when it is not bound at kinetochores (Figures 4C and S4B) . Conversely, the deletion of Bub3 decreases the interaction of Mad3 with Bub1 in spc7-12TA cells ( Figure S4C ). This antagonistic relationship suggests that Mad3 may participate in Bub3-dependent regulation of Mad1-Mad2 binding to Bub1. Identification of Mad3 mutants that specifically fail to associate to Bub1, but retain the ability to form the MCC, would help clarify this issue.
Taken together, our data indicate that the Spc7 (KNL1) MELT array acts as a multisite phospho-dependent toggle switch for the spindle checkpoint at kinetochores, which relies on the conversion of Bub3 from an inhibitor to a facilitator of spindle checkpoint signaling by controlling the interaction of Mad1-Mad2 with Bub1. Once occupancy of Spc7 (KNL1) by Bub3-Bub1 drops below a critical threshold, the rate of MCC generation drops below the rate of MCC turnover, permitting APC/C activation and anaphase onset. This would explain why kinetochore binding of Bub3-Bub1 reduces as cells enter metaphase but does not completely disappear until late anaphase. We postulate that, just like Mad2, Bub3-Bub1 undergoes a conformational change that is dependent on its interaction with phosphorylated MELT motifs of Spc7 (KNL1), which permits the interaction of Mad1-Mad2 with Bub1 ( Figure 4D ). Reconstitution and structural studies will be needed to test this hypothesis.
Importantly, in human cells, the spindle checkpoint behaves like a rheostat rather than a toggle switch in response to increasing levels of microtubule-kinetochore detachment [15, 16] . This is seemingly at odds with the finding that only a small number of MELT motifs in KNL1 are needed to mount a checkpoint response [17] [18] [19] . However, these latter experiments were performed in the presence of reversine, an inhibitor of Mps1 kinase. More recent analysis indicates that human cells possess two distinct means to recruit the Mad1-Mad2 complex to kinetochores: the KNL1-Bub3-Bub1 (KBB) pathway and a second KNL1-independent mechanism mediated by the RZZ-spindly complex, which is absent in yeast [20] . One possibility that merits further analysis is that the RZZ-spindly complex obscures the switch-like behavior of the KBB pathway, which is only revealed in the presence of reversine. We contend that modulation of Bub3 levels by BuGZ [21, 22] , phosphorylation of Bub3 by PKM2 kinase [23] , or simply alteration of kinetochore number (and therefore number of MELT motifs) influences either the threshold or amplitude of the KBB toggle switch and, in doing so, contributes to chromosome instability in aneuploid cancer cells. See also Figure S3 .
